In well-bonded thermal point-bonded nonwovens, most failures originate at the bond edge. Although there have been many explanations of this observation, to date there has not been an experimental test of these explanations. This paper discusses the use of Raman microspectroscopy to infer the morphology of the polymer in the vicinity of the bond edge. The results show that there is a rapid loss of molecular orientation moving from the bridging fibers into the bond. This loss of orientation leads to a decrease in both the modulus and the strength of the fibers at the bond edge, thus explaining the observed failures. It is also shown that the loss of orientation in the vicinity of the bond edge depends directly on processing conditions.
Introduction
Nonwoven fabrics make up one of the fastest growing segments of the U.S. textile industry [1] . In the calendaring process of thermal bonding of nonwovens, the fibers are pressed between two rolls under pressure and at elevated temperatures. One or both of the rolls may be smooth or machined with a pattern of bonding "points." The bonding occurs in the nip between the heated rolls where the fibers are fused together. Nonwoven fabric manufacturers are constantly trying to increase production speed and to improve performance, such as higher strength, less weight for the same strength or high extensibility. To increase speed, the bonding temperature is raised so that more heat can be absorbed in less time. To an extent, this works but eventually the higher tem-peratures cause unacceptable properties in the nonwoven, such as reduced strength.
During testing of thermally point-bonded nonwovens, it has been found that there are three types of bonds resulting in under-bonded, over-bonded and well-bonded fabrics. Only the well-bonded fabrics have the desired strength. When the fabric is under-bonded, the fabrics fail at low stress because the bonds pull apart. In both over-bonded and well-bonded fabrics, failure occurs in the vicinity of the bond periphery with failure occurring at lower stress in the over-bonded fabrics. Although the morphology of the fibers at the edge of the bond has eluded quantitative measurement, Dharmadhikary et al. [2] determined that the morphology of the fibers at the bond perimeter differs from that of the original fibers and of the bond points, but they could not quantify these differences.
Recently, Wang and Michielsen [3] developed quantitative correlations of the birefringence and the Lorentz density of isotactic polypropylene (iPP) fibers as determined by interference microscopy with the intensities of several Raman spectral features using polarized laser Raman microspectroscopy. Natarajan and Michielsen [4] used a similar approach for the birefringence and Lorentz density of poly(ethylene terephthalate), PET. These correlations have been used in conjunction with polarized Raman microscopy to determine the morphology in the bridging fibers, within the bonds and in the transition region between the fibers and bonds. The results are discussed below.
Experiment

Materials
Thermally point-bonded iPP nonwoven fabrics were obtained from FiberVisions, Inc. There were two series of samples, one in which only the bonding temperature was changed, and another in which only the bonding speed (time) was changed. For the bonding temperature series, the bonding speed was 76.2 m/min (250 ft/min), the nominal bonding pressure was 276 kPa (40 psi), and the bonding roll oil temperatures were 140, 160, and 180°C. For the bonding speed series, the bonding roll oil temperature was 152°C, the nominal bonding pressure was 310 kPa (45 psi), and the bonding speeds were 7.62, 18.3, 38.1, and 76.2 m/min (25, 60, 125, 250 ft/min). In addition, two thermally point-bonded PET nonwoven fabrics made from Wellman type 472 fibers were obtained from BBA Nonwovens. One fabric was bonded at a speed of 200 ft/min (61.0 mpm) and a bonding temperature of 224°C (435 o F); the other was bonded at a speed of 100 ft/min (30.5 mpm) and 221°C. Several small pieces of the nonwoven sample to be analyzed were cut from the nonwoven sheet. Each specimen was taped to a steel washer using double sticky tape. Care was taken to ensure that the specimen was mounted flat. The washer with the specimen was placed on a mount that could be rotated freely so that the specimen could be oriented as desired.
Measurements
The video image of a nonwoven specimen was displayed on the computer screen, so that a fiber could be selected for analysis. Several individual fibers within a nonwoven specimen were selected for analysis and aligned along the y-axis of the microscope by viewing the fiber image on the computer screen while rotating each fiber until it was aligned. Raman spectra were recorded using the 50x objective of a HoloLab Series 5000 Raman microscope coupled to a HoloLab Series 5000 Research Raman Spectrometer 785 as previously described [3] . The Raman spectra were obtained at intervals of approximately 15 µm along the fiber. The bond edge was defined in this study as the first point at which the fiber crossed another fiber in the bond.
The Raman spectrum of each of three iPP or PET specimen for each sample was obtained using a single exposure for two minutes (iPP) or six minutes (PET) with the cosmic ray filter on. The dark noise was subtracted from each spectrum. All data acquisition was performed using Kaiser Optical Systems' "HoloGRAMS" software. All the Raman spectra were analyzed using GRAMS/5 (Galactic Industries, Inc.) software package. Each peak of the Raman spectrum was fit individually to obtain the peak area, height, full-width at halfmaximum (FWHM), position and the Gaussian and Lorentzian content for each peak. Each peak was fit multiple times to ensure repeatability of the fit. The peak areas were used for intensity. (See Wang and Michielsen [3] for full details.)
Results and Discussion
The birefringence and Lorentz density of iPP and PET thermally point-bonded nonwovens were determined from preexisting correlations with the Raman spectra. The Lorentz density is the density determined from the indices of refraction using the method given by De Vries [5] .
Specifically, where n iso is the isotropic refractive index of the fiber. In the two-phase model, the density is just the weighted sum of the density of the amorphous phase, ram, and of the crystalline phase, rcry, as given by equation 1:
where χ is the fraction of the material that is crystalline. Figure 1 shows the birefringence and the Lorentz density for iPP in the vicinity of the bond edges for several bonding speeds and a bonding temperature of 152°C. Figure 2 shows 
(2) similar data for several bonding temperatures at a bonding speed of 250 fpm. Figure 3 shows similar data for bonding PET nonwovens at 200 and 100 fpm and approximately 222°C. There are several common features. First, in all three figures, the birefringence decreases by approximately 50% going from the bridging fiber region (left side of figure) into the bond. As the bonding speed increases, the change in birefringence becomes smaller and more gradual for both iPP and PET. As the bonding temperature increases, the change in birefringence increases and the change becomes sharper.
Second, in all three figures, the density changes over exactly the same region. In iPP (Figures 1 and 2 ) the density increases slightly in going from the bridging fiber region into the bond while in PET ( Figure 3) the density decreases over this region. As the bonding speed increases, the change in density becomes smaller and more gradual for both iPP and PET. As the bonding temperature increases, the change in density increases and the change becomes sharper.
These results can be understood if we examine the physics of bond formation. First, for the bond to form, the polymer chains in the opposing fibers must diffuse across the interface sufficiently to either entangle with the polymer chains in the opposing fiber or to cocrystallize with the polymer chains in the opposing fiber. This requires a certain amount of chain mobility and sufficient time for diffusion. However, both polymers are semicrystalline. Since diffusion of polymers occurs only through their chain ends and since an adequate length of chain must be mobile to entangle, the crystals must partially melt to allow the chain ends sufficient mobility. However, upon (partial) melting of the crystals, the constraints on the chains are released and the birefringence also decreases.
Second, the fibers are heated by contact with the rolls. The heat must diffuse through the fibers to the region of contact between the overlapping fibers. At higher speeds, there is less time available for thermal diffusion so the fraction of crystals melted is reduced as evidenced by the smaller loss of birefringence. To reduce the time required for the contact region to reach the desired degree of melting, higher temperatures can be applied. However, this results in the bulk of the fiber reaching too high a temperature (and hence too much melting and loss of properties) as evidenced by the large loss in birefringence while the contact region is heated just to an adequate level to form the bond. Thus under-bonding occurs when there is insufficient chain mobility to diffuse across the contact region. Over-bonding occurs when the average temperature of the fiber in the bond region is too high and too much melting of the crystals occurs. Additional features of the birefringence and density profiles are readily understood. First, the region over which these changes occur is approximately one fiber diameter, or the same distance over which heat must diffuse to form a bond. The distance over which the change in the birefringence occurs is just a measure of the thermal diffusion distance. Second, the difference in the behavior of the density between iPP and PET occurs due to the difference in the rate at which these polymers crystallize. Isotactic PP crystallizes very rapidly. Thus when the constraints on the polymer chains are reduced due to partial melting, they can recrystallize rapidly and to a higher extent. On the other hand, PET crystallizes slowly, thus when the PET crystals partially melt, there is insufficient time for them to recrystallize in the process before the bond cools to below the glass transition temperature. Thus, the density of iPP increases in the bond while the density of PET decreases.
The major features of thermal point-bonded nonwovens are now readily understood. The changes in the strength of the fibers at the bond periphery, the change in birefringence and density in this same region and the bond strength all depend on the partial melting of crystals in the bond region to allow diffusion of chain segments across the fiber-fiber interface to form the bond. A good bond occurs when sufficient diffusion and entanglement takes place across the fiber-fiber interface but with a minimum loss of birefringence and hence loss of fiber strength at the bond periphery.
Conclusions
We have found that the birefringence of fibers in a thermal point-bonded nonwoven decreases by approximately 50% over a distance of roughly one fiber diameter at the bond edge. This rapid decrease in birefringence indicates a rapid decrease in the strength of the fibers in this same region, thus explaining the observed failure mechanisms of thermal-point bonded nonwovens. We explain these changes based on qualitative polymer physics where, to form a bond, polymer chain segments must be released from crystals through partial melting, then diffuse across the fiber-fiber interface and either entangle or cocrystallize with chain segments from the opposing fiber.
